


































































. . 

. :z.a· 

2,4 • • 

' 

',, 

I ' ,, •' 

' J 

i"• 

·J.·: .. : 

. . ·. . ,"; 
" 

2.0 J""'f--r-'" .. , ... ,_,_.,.,'1,_,-,-·..-r-,__.r.,_.,...... .. r.,--._,-r ... ... 

2 a 4 s s 1 s a 'Jl 11 ·• 

SAR 

,!; 

. I ; 

.' ... ; ' .• 

tC 

.. < / 
·f,,. 

··'·· 

Figure 18. · SAR al(;p ·in soJl; , 
averaged acr.oss .sampling penods (and EC), so1! .· .> .· 

time test 13: . ' .. 
. marginal SAR effects (for the clay soil) and marginaT:EC effects so.irtype) 
may have changed during the course of this cropped soil experiment Given this' ... ' ' 
possibility, the statistical results from the individual ANOVA models are presented in 
Tables 17.and 1;8. A.d.4Jtio,nally, time !:><?tit. ;EC 

by soil type ,ar,e presented in 19 thr,ougb ?--4., tesP,ectively. · · ; . . · 

The individual ANOV A model test results for the clay soil 17) and loam soil· 

18) mo.r9 -peri()q, .. 
c9wpared to th'e sml .. The pnmary drft;er,ynce mth.euopped 

as compared to the bare sml that a nuin,b.er. ofthe ANOV A were 
not found to be statistically significant. Most likely this difference is due to the' increased 
noise in the soq ,experimental dl:lta ( i;n ?:¥ pf root 
cl:J,annels), as well by the more protected surface m tl)e cropped ex,penment. However, 
the g\:meral trends present in both tables are again withtl1e previously 
discussed time averaged models. As in soil experiment, for both the clay and 
loam soil ANOV A models, the SAR main effect was alyvays statistically significant, 
provided that the overall model F-test was significant. · · · . 

The time interaction plots (Figures 19, 20, 21, and 22) show the changes in the 
estimated cropped soilln infiltration time (over the. 6 sampling periods) for the various 
SAR and EC levels. As seen in these Figures (and shown by the statistical tests in Table 
13), ln infiltration times increased significantly over the course of the experiment. These 
results are expected as the initial condition can be considered comparable to a field-tilled 
soil with subsequent increase in infiltration time over subsequent irrigations. 
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Figures 19 and 20 show how the average clay and loam In infiltration times changed over 
time across the five SAR levels, while Figures 21 and 22 show how these same 
infiltration times changed across the two EC levels, respectively. Based on the 
multivariate tests in Table 13, the patterns shown in Figures 19 and 22 can be considered 

·statistically distinct. The SAR related interaction pattern shown in Figure 19 for clay soil 
strongly suggests that the SAR effects (on the In infiltration time) tended to become more 
pronounced over the course of the 2004 experiment. This is confirmed by the high Time 
x SAR significance level for clay soil in Table 13. In contrast as seen in Figure 20 (and 
Timex SAR non-significance in Table 13) the In infiltration and SAR interaction for loam 
soil did not significantly change over time. · 

The time dependence issue is critical to discussion as to whether or not SAR or EC 
effects become more pronounced over time. We saw a significant time interaction for the 
clay but not the loam soil. The EC related time interaction pattern shown in Figure 22 
does not appear to lend itself to any simple interpretation. In all instances the differences 
from one time event to another are related to the specific moisture condition at the time of 
the rain event. 

In most respects, the time averaged cropped soil AN OVA and regression models can 
again be used adequately describe, quantify, and summarize the experimental data. 
However, based on Table 13 and Figure 19, there also appears to be evidence that the 
SAR related effects on the clay soil increased over time, and thus any inferences drawn 
from the corresponding time averaged model with respect to SAR effects might also be 
argued to be conservative. 

Table 17. Individual sampling period ANOVA model suinmaty statistics and F-test 
significance levels (overall model effect, EC, SAR, and EC x SAR interaction); cropped 
experiment, clay soil data 

Statistic Period l Period 2 Period 3 Period 4 Period 5 Period 6 
R-square 0.3977 0.4600 0.6106 0.7274 0.2144 0.5860 
RootMSE 0.2401 0.4523 0.5657 0.4075 0.9718 0.3594 

F-test significance levels associated with specified tests: 
Overall 0.2265 0.1126 0.0096 0.0005 0.7772 0.0157 
EC n/a n/a 0.6606 0.5156 n/a 0.2839 
SAR n/a n/a 0.0015 0.0001 n/a 0.0022 
ECxSAR n/a n/a 0.3293 0.6727 n/a 0.6351 
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Table 18. Individual sampling period .1\NQ"XA;p::todel summary statistics and F-test 
, significance levels (overall model effect, EC, SAR, and EC x SAR, . .i,gj~,r.~9tion); cropped 
experiment, loam soil data · ' 

Statistic Period 1 Period 2 Period 3 Period 4 Period 5 
R-square 0.4439 0.2491 0.2537 0.6673 0.6938 
Root MSE 0.3330 0.2120 0.1203 0.1451 .,_ 0.1218 

F-test significance levels associate~ with specified tests: 
Overall 0.1369· 0.6714' 0.6567 0.0026 . 0.0013 
EC n/a n/a n/a 0.0129 0.1518 
SAR n!a n/a n/a 0.0006 0.0007 
ECx SAR n/a n/a n/a 0.7910 0.0322 
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Figure 19. Average In infiltration time interaction plot for cropped experiment, clay soil 
data (plotted by sampling period); colored lines represent specific SAR levels. 
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Figure 20. Average in infiltration time interaction plot for cropped experiment, loam soil 
data (plotted by sampling period); colored lines represent specific SAR levels. 
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Figure 21. Average In infiltration time interaction plot for the cropped experiment, clay 
soil data (plotted by sampling period); colored lines represent specific EC levels. 

36 



·,;! 

3.~ 

3.0 

2.~ 

2.0' 

1.5 

1.0 

0 

····---,.-~···-·--::·· ··:i -····· ..•... 

.. ;l 4 

sampling period 

EC ,.....;, 'f'~ 2 

. ~ r. 

••. 1 

: -~ 1 ~ . 

,. i 

. .. ... . . . .. . 

Figure 22. Average ln infiltratiop time int~p(lption plot .fqr the cropp!;fq. exp~riment, lol:!-111. 
soil data (plotted by E!ampling period); colored: lines represent specific EC levels. · 

J.·:. .·. 

Assessment of the SAR risk factors for rain infiltration 

In these two experiments, we define the'"S.AR risk factor as the degree in which the ln 
infiltration time increases as theSAR level increases. These risk factors can be• 
ascertained from the time averaged statisticafresult:S in one of two ways: 

(1) by determining the first SAR level > 2 for which a statistically significant increase 
in the ln infiltration time is detected (using the ANOV A modeling results), -or .. 

(2) by calculating the relative predicted percent increase in infiltration ·time per unit 
increase in SAR (using the estimates SAR parameters derived from the fitted· 
regression models). 

Using the first approach, Table 7 (bare soil experimental. data) suggests •that if·no crop is 
present then increasing the SAR from 2 to 4 significantly increases the ln infiltration time 
on the b1ay soil. Likewise, increasing the(SAR:':Irom'2 to 6 significantly increases the ln 
infiltration time on the loam soiL In th'e presence ·of a crop;- (Table 14)'in.creasing the" 
SAR from 2 to 6 significantly increases the ln .infHtration time on: both soil-typesJ 

Using the second approach, Table 9 indicates that the relative percent increase in 
infiltration time per unit increase in SARona clay soil (without any crop cover) is 
approximately 100[exp(0.062)-1] = 6.4 %. In the presence of a crop, Table 16 suggests 
that the relative percent increase in infiltration time per unit increase in SAR is 
approximately 10.7% for the clay soil and 4.1% for the loam soil, respectively. Note 
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that the relative percent increase is SAR dependent for a loam soil-type without any crop 
cover, but appears to vary between 0% (for SAR < 4) to a maximum of about 24% (in 
the SAR range of 5.5 to 6.5). In summary, the regression model predictions are that the 
SAR increase from 2 to 4 increases the In infiltration time for clay soil under bare and 
cropped conditions and for loam soil under cropped conditions, while for bare loam soil 
the In infiltration time increases above SAR 4. 

Laboratory measurements of hydraulic conductivity on undisturbed soil cores 

Bare soil experiment 

At the conclusion of each of the two rain-irrigation infiltration experiments, saturated 
hydraulic conductivity experiments were performed in the laboratory. The hydraulic 
conductivity results for the loam soil after the bare soil experiment are shown in Figure 
23. Each point represents the mean of the three replicates. The data are presented in 
Appendix C. As noted in the Appendix clear outliers were removed from the plots, but 
not removed for the statistical analysis. Each sample had water applied of the same 
composition as it experienced in the field experiment. As can be seen there was a 
consistent decrease in hydraulic conductivity with increasing SAR of the irrigation water. 
The decreases in hydraulic conductivity were approximately 50% as the SAR increased 
from 2 to 10. The samples from the EC=2 dS/m treatments had higher hydraulic 
conductivity than did the samples from the EC=l.O dS/m treatments. 

As expected the hydraulic conductivity decreased with application of simulated rainwater 
(ofthe same EC and composition as used in the outdoor container experiments). The 
decrease in hydraulic conductivity with SAR relationship also is observed when all cores 
were exposed to rain water (Figure 23). 

The saturated hydraulic conductivity of undisturbed soil cores taken at the end of the bare 
soil experiment are presented in Figure 24. As with the loam soil there is increased 
hydraulic conductivity at the higher EC level. There is a general trend of decreasing 
hydraulic conductivity with increasing SAR. Large error bars are at least in part caused 
by observed cracks in the clay soil. 

The data were statistically analyzed using a 2-way factorial model without interaction, 
where the response data are the natural log transformed saturated hydraulic conductivity. 
As shown earlier for the infiltration data and confirmed in this data set, there was no 
interaction between salinity level and SAR for a specific soil type and irrigation or rain 
event. Table 19 shown below shows the relevant statistical results. 
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Table 19. ANOV A model summary statistics and F-test significance levels for both main 
effects and specific SAR contrasts; undisturbed cores for 2003 bare soil experiment, 
ln(Ks) response variable 

Statistic 

R-square 
RootMSE 

Overall 
EC 
SAR 

2 vs 4 
2 vs 6 
2 vs 8 
2 vs 10 

Irrigation 

0.0520 
2.168 

Clay 
Rain 

0.3189 
1.760 

Loam 
Irrigation Rain 

0.7162 
0.285 

0.6941 
0.278 

F-test significance levels associated with specific tests: 
0.9286 0.1094 0.0001 0.0001 
0.3931 0.0366 0.0001 0.0891 
0.9656 0.2877 0.0014 0.0001 

F-test significance levels associated with SAR contrasts: 
n/a n/a 0.7597 0.5925 
n/a n/a 0.0923 0.0115 
n/a n/a 0.0075 0.0003 
n/a n/a 0.0003 0.0001 

These results indicate that the ln(Ks) measurements associated with the loam soil were 
clearly affected by the changing SAR levels for both irrigation water and rain water 
applications and by the change in EC during the irrigation event. Increasing SAR and 
decreasing EC had an adverse effect on ln(k). The individual SAR contrasts indicate that 
significant differences (decreases in ln(k)), are detected beginning at the SAR 6 level 
(using 2 as a baseline). 

For the clay soil we did not detect statistically significant differences in ln (K) with 
changing EC or SAR levels, despite the observed trends seen in Figure 24. The clay soil 
had much greater variance as can be seen by comparing Figure 23 with Figure 24 and 
confirmed by the almost 10 tenfold increase in RMSE for clay as compared to loam 
shown in Table 19. 

It should be noted that the power of these tests (for detecting significant SAR effects) is 
weaker than the power achieved from a regression modeling approach. Hence, the 
following multivariate linear regression model was used to analyze these data: 

Ln(K) = ~0 + ~1 [SAR] + ~2[EC] + E 

where this model was applied separately by soil type to each event. Additionally, this 
model was also used to analyze the differences in ln(infiltration) rates (i.e., the 
differences between the natural log transformed irrigation and rain event infiltration 
data). Note that the ANOV A model permits the testing of individual contrasts, while the 
regression model assumes strictly linear effects (if any) and allows for an estimate of 
relative risk to be calculated. 
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The regression model summary statistics, parameter estimates and t-test results for t~e 
loam soil-type are shown in Table 20 (no results are shown for the clay soil-type since 
these models were not found to be'statistically significant). These rl!s\tlts confirm that the 
increasing SAR levels resulted in a"~tatistically significant linear decrease in ln(Ks) in the 
loam soil-type dur.ing both the ivi'~if!:gr' and rain event. The linear ri%del suggests that 
the increase in SAR from 2 to 4 Would cau.se an increase in infiltratig}J time (decrease in 
infiltration rate) for the loam soil for both irrigation events and rahJ eve;I.its and that we 
cannot detect a change in infiltration associated with SAR for the clay ~oil. 

~ ~~ 

Table 20. Regression model summary statistics; SAR and EC parameter estimates, 
standard enors, and t-test significance levels for the bare soil (2003); ln(Ks) data 
associated with the loam sqil (by event) 

Soil-type Event R-square Variable Estimate Std.Error Pr> It I 

Irrigation 0.7081 SAR -0.0902 0.0176 0.0001 
Loam EC 0.6219 0.0994 0.0001 

Rain 0.6787 SAR -0.1273 0.0174 0.0001 
EC ,0.1802 0.0982' 0;0777 

. ~r 

Cropped soil experiment 

The hydraulic conductivity results for the loam soil after the cropped soil experiment are 
shown in Figure 25. Again, each sample had water applied of the same composition: as it 
experienced'i.n the field experiment. As can be seen·there was a decrease-in hydrauliQ/' 
conductivity with increasing SAR of the irrigation water. The samples fr.om the.EC=;;=2 
<:1~/m treatmepts had higher hydraulic conductivity than did the samples from the EC=l.O 
dS/mtreatments, and the hydraulic conductivity with the rain water was lowl:l:rrt:harhwith 
the irrigation waters. These results are similar to those obtained under the bare soil 
experiment (Figure 23) only with greater variability, attributed to the presence of root 
material and root channel in the samples from the· cropped soil experiment. 

Data for the undisturbed cores.fromthe:cropp:ed plots were extremely variable due to 
channels aiid soil separation around the roots. 

The data,were statistically analyzed, again using the 2-way factorial model without 
interaction, where the response data are the natural log transformed saturated hydraulic 
conductivity. As before, these data have.ibeen analyzed separately by said type and event. 
Table 21 shown below shows the relevant statistical results. Note that only the EC=1 
cores were run 'for the clay soil type. 
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Figure 25. Saturated hydraulic conductivity as related to SAR of applied water. 
Undisturbed cores taken from loam soil treatments in rain- irrigation cropped soil field 
experiment. 

Table 21. ANOV A model summary statistics and· F -test significance levels for both main 
effects and specific SAR contrasts; cropped experiment(2004) undisturbed soil cores, 
ln(Ks) response variable 

Statistic 

R-square 
RootMSE 

Overall 
EC 
SAR 

2 vs 4 
2 vs 6 
2 vs 8 
2 vs 10 

Irrigation 

0.1311 
1.140 

Clay 
Rain 

0.2043 
0.903 

Irrigation 

0.4826 
0.519 

Loam 
Rain 

0.4767 
0.603 

F-test significance levels associated with specific tests: 
0.8197 0.6448 0.0051 0.0057 

0.0009 0.0009 
0.8197 0.6448 0.1195 0.1518 

F-test significance levels associated with SAR contrasts: 
n/a n/a 0.1375 0.3484 
n/a n/a 0.9376 0.3972 
n/a n/a 0.6178 0.3238 
n/a n/a 0.2345 0.1538 
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Based on :this analysis .we·,qa~ot.pe,t_eot ~,sta~is,tical-ly. sigp.i;fic?,:n,t ·!:.lffe.pt;of S~ <?J;I)n.~~) 
measurem,ents. withNeitheP :s.oilf:typer{@it ith~-.1@&'9 · Y.Q!l:&4ep.g~ ~ley~J}.;N c;>t~-that tb~rihl.~.~1~··. 
for thet loam soil {';rable,,2, 1} in :th.e cropped eXPePim~nt :is, ~PC>P.t:P.Mi:c~ ,a,s, gre~t.a$. th~,t.ofl :· · 
the u.ncr0pp.ed expe:Pii)jl'!lent {Tabler;l9)t J;Ioweve:r~Jth~ lP(~s) 'readip..gs_.assppi~teq-:-wj:tb t~e 
loam soil-,:type were ,~;~.ffected·by the .ch.anging.EC.Jevels. Q.ttrhlg;bqth.:~eV:eiltSi LM9X~· .· . 
specifically, the average ln(Ks) levels appear to significantly inc:rc:;a~e a.s fliheJEG·~.<il~elJ,:·:, e. 
increases. 

The regression model summary statistics, parameter estimates and t-test results for the 
loam soil-type are shown in Table 22 (again, no results are shown for the clay soil-type 
since these models were n..ot found .. to be,.statistically significant). These results confirm 
that the increase in the EC resu,h~~ in a statistically significant inm:e~t~e in ln(Ks) in the 
loam soil-type during both the irrigation and rai:rte:vent. These,results al§o indicate that 
the increasing SAR levels caused a significant decrease in the lp(Ks) lev~1s during both 
events CP = o.o6o and p=0.036, irrigation a,nd rain events, respective1Y). This linear 
regression model pr~g,icts·a decrease in the In hydraulic conductivity wit~ an increase 
from SAR 2 to SAR 4. 

Table 22. Regression model summary statistics: SAR and EC parameter estimates, 
standard errors, and t-test significance levels for the cropped soil experiment (2004) 
ln(Ks) data associated with the loam soil (by event) 

Soil-type Event R-square Variable Estimate Std.Error Pr> It I 
Irrigation 0.3925 SAR -0.0671 0.0342 0.0602 

Loam EC 0.713(i 0.1~?? ~ 0,,00_10 
Rain 0.4203 SAR -0.0855 .. · .0,.,03,~,9 ,0,03.5,6 

,• ,I.·. l.,r·-..1:"! I 

EC 0.8370 0.2185 0.0007 

Laboratory measurements of infiltration on disturbed soil core~ 
.-· ,._:·. 

The infiltrationra;tes of the distu;rbed soil cor;es as related to EC and BAR is pr~senteq in 
FigU.re 26 for the loam soil. In these experiments soil at the native EC ~nd SM~as 
packed into columns and each ofthe 12 columns was equilibrated with a fixed EC and 
SAR water composition. After stabilization ofthe hydraulic conductivity, the influent 
solutions in all columns were switched to rain water. As seen in Figure 26 there was a 
decrease in hydraulic conductivity with increasing SAR starting at SAR 2 versus SAR 4 
at both EC levels. Similar results were obtained with the clay soil, as can be seen in 
Figure 27. In both instances the hydraulic conductivity with rain water was much lower 
than with irrigation water. 

The results of these shmi- term laboratory hydraulic conductivity experiments are 
generally consistent with the results from the long-term field infiltration studies and the 
hydraulic conductivity measurements taken from the field experiments and run in the 
laboratory. The procedure used in this disturbed soil experiment is comparable to the 
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procedure used in the earlier laboratory experiments (McNeal and Coleman, 1966, 
Frenkel et. a!., 1978, Suarez et al., 1984). These column infiltration measurements 
represent a type of repeated measurement data, where each column is measured twice 
(first under the irrigation event, then under the rain event). The column measurements 
are not replicated. The AN OVA and regression modeling results for this data are 
presented in Tables 23 and 24. 
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Figure 26. Infiltration rate as related to SAR of applied water. Disturbed (laboratory 
packed) cores of untreated loam soil. 

The ANOVA model F-test values and significance levels (shown in Table 23) confirm a 
significant SAR effect in three out of 4 events, respectively. The individual SAR 
contrasts suggest that significant differences begin to show up at the SAR= 4 level (using 
SAR=2 as a baseline and 90% confidence limits). However, the power of these tests is 
very weak (due to the small sample sizes in this experiment) and thus these contrast tests 
do not represent an optimal approach for determining when significant differences occur. 
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Th.e regression model summary statistics, parameter estimates and t-test results shown in 
Table 24 give a much more clear indication':ofthe degree ofS~R induced :effectsl ·:The·se 
results indicate that the SAR parameter estimates were always statistically significant 
(belowthe O.Ol1evel) du:dngboth the irrigation water and rain water applications. In all 
f91{i-'~a~es these 'estimates are negative, indicating that tiie;1lrt(infiltratiort) rates .decrea:se 
as the SAR levels increase. Note that the rate of reduction (per unit increase in SAR) can 
be calculated from these parameter estimates. Note also that the EC parameter estimates 
vye_~e generally not significant, suggesting that changing the EC from 1 to 2 dS/m did not ,.{..... . . 

significantly aJ~yr the ln(infiltration) rates. The linear regression model•.Would predict a 
decrease in the infiltration rate at SAR 4 as compared to SAR 2. 

"""· 

Bulk density of undisturbed soil cores 

The bulk density was determined on the undisturbed cores used in the laboratory ; • 
hydrauliq conductivity study. As shown in Appendix B there were no clear trends related 
to the irdgation water treatments. The loam soil had a decreased bulkdertsity.in'the · 
cropped soil· experiment relative to the bare soil experiment; 'These··tliffer-ences :m.aybe' 
. •. r• . . . . 

attributed tci the large number of roots in all treatments of the-ctoppeo' soil .experimeNt. 
However;"the clay soi:l had a slightly higher bulk density in the cropped experiment. 
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Table 23. ANOVA model summary statistics and F-test significance levels for both main 
effects and specific SAR contrasts for the disturbed soil infiltration experiment 

Statistic 
R-square 
RootMSE 

Overall 
EC 
SAR 

2 vs 4 
2 vs 6 
2 vs 8 
2 vs 10 

Irrigation 
0.9007 
0.3209 

Clay 
Rain 

0.9760 
0.1182 

Loam 
Irrigation Rain 

0.9526 
0.0423 

0.9362 
0.0523 

F-test significance levels associated with specific tests: 
0.0969 0.0123 0.0094 . 0.0167 
0.1871 0.2985 0.0770 0.2501 
0.0850 0.0093 0.0075 0.0124 

F-test significance levels associated with SAR contrasts: 
0.7108 0.0817 0.5166 0.5298 
0.4361 0.0588 0.0327 0.0542 
0.1311 0.0089 0.0101 0.0234 
0.0194 0.0019 0.0016 0.0025 

Table 24. SAR and EC parameter estimates (with standard errors), corresponding t-test 
values and significance levels for the disturbed soilln(infiltration) data (by soil type and 
event) 

Soi1-ty~e Event R-sguare Variable Estimate Std.Error Pr> It 1· 

Irrigation 0.7762 SAR -0.1719 0.0393 0.0047 
EC 0.3847 0.2294 0.1446 

Clay Rain 0.8968 SAR -0.1442 0.0.200 0.0004 
EC 0 . .1395 0.1168 0.2773 

Irrigation 0.9223 SAR -0.0402 0.0046 0.0001 
EC 0.0634 0.0259 0.0443 

Loam Rain 0.8836 SAR -0.0428 0.0060 0.0002 
EC 0.0444 0.0338 0.2297 

Alfalfa yield data 

The cumulative. fresh weight yield as related to irrigation water treatment is presented in 
Figure 28 for both the loam and clay soil. Yields were relatively uniform for all 
treatments, trending around 150 g/container for the clay soil and 115 g/container for the 
loam soil. The lower yield of the loam soil is explained by the lower water holding 
capacity of the soil and thus increased water stress caused buy the irrigation regime. As 
explained earlier the soil is relatively shallow and thus we irrigated the cropped 
containers every 3-5 days. We maximized the interval between irrigations to allow for 
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Figure 28. Alfalfa fresh yield data as related to EC and SAR or irrigation water. All plots 
had equal quantities of applied water. 

We analyzed the total alfalfa yield data from the cropped soil experiment using a 2-way 
ANOVA without interaction, where the data were data analyzed separately by soil type. 
Table 25 presents the relevant statistical results. 

Table 25. ANOVA model summary statistics and F-test significance levels (overall 
model effect, EC, SAR, and EC x SAR interaction): 2004 fresh-weight yield data 

R-square 
RootMSE 

Overall 
EC 
SAR 

Statistic Clay 
0.1560 
17.80 

F-test significance levels associated with specific tests: 
0.5049 . 
0.6689 
0.1649 

Loam 
0.0926 
15.36 

0.7806 
0.9232 
0.2239 
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It is clear from these ANOV A results that neither the changing EC nor SAR levels 
affected the final, fresh-weight crop yields. The lack of a decrease in yield with 
increasing SAR indicates that the soil physical properties did not directly impact yield in 
this one year experiment. As noted above, we did not see clear trends in the bulk density 
as related to water treatments. In this experiment every container received the same 
amount of water and water was the yield limiting factor. Under field conditions a 
decreased infiltration rate is expected to result in increased surface runoff and decreased 
infiltration. Decreased water infiltration will result in decreased yield ifthe crop is water 
limited. 

UNSATCHEM computer simulations 

The results of the computer simulations of the impact ofrain on soil water SAR are 
presented in Figures 29 through 32. These simulations utilize the fact that both soils are 
calcareous and that the measured CEC of the Glendive loam soil is 58 mmol/kg and that 
of the Kobase clay soil 208 mmol/kg. In this analysis we first equilibrated the soils by 
irrigating with the EC 1.0 dS/m water and SAR 10 of composition given in Table 1. As 
shown in Figure 29 the EC at the surface decreased to below 0.5 dS/m at the surface after 
infiltration of5 em ofrain. The soil water EC is maintained above the rainfall EC (0.016 
dS/m) due to calcite dissolution. Calcite dissolution is further enhanced by the exchange 
of solution Ca for Na on the exchange sites (thus causing a reduction in the ESP with 
time). As shown in Figure 30, the SAR also decreased but is still at SAR=6 at the surface 
despite 5 em of rain. The decrease in SARis not sufficient to compensate for the decrease 
in EC thus the sodium hazard is increased. 
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Figure 29. Predicted relationship of:EC with depth and quantity of rain infiltrated for 
Glendive loam soil. The initial condition was EC=l.O dS/m and SAR 10. Each curve 
represents addition of 1 em of rain. 
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Figure 30. Predicted relationship of SAR with depth and quantity of rain infiltrated. The 
initial condition was EC=l.O dS/m and SAR-10. Each curve represents addition of 1 em 
of rain. 

49 



The decrease in EC as related to application ofrain is simulated in Figure 31. Note that 
the decrease in EC is very similar but slightly less than that observed for the loam soil 
(Figure 29). This is caused by the increased dissolution of calcite with increased cation 
exchange in the clay soil. Calcite dissolution in the absence of exchange would result in 
an EC of about 0.15 dS/m. · 
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"t> -40 
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-70 

Clay Soil EC=1 SAR=10 5 em rain 

EC dS/rn 

O.:! 0.4 o.s o.a 1.0 1..2 1.4 M 1.6 2.0 

Figure 31. Predicted relationship ofEC with depth and quantity of rain infiltrated into the 
clay soil. The initial condition was EC=l.O.dS/m and SAR 10. Each curve represents 
addition ofl em ofrain. 

As shown in Figure 32, the SAR of the clay soil was only slightly affected by the 
infiltration of5 em ofrain. The higher cation exchange capacity ofthe clay soil as 
comapared to the loam soil means that the soil exchange sites are able to buffer the 
solution SAR. The soil surface at the end of the rain event is thus at low EC with almost 
no decrease in SAR relative to the irrigation condition. 
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Figure 32. Relationship of SAR with depth and quantity of rain' infiltrated -into clay=soil. 
The initial condition was SAR=l 0. Each curve represents addition of 1 em ofraiii .. · 

Conclusions 

The increase in SAR of the irrigation water had an adverse impact on water infiltration 
for both the cropped and bare (uncropped) soils. For the bare clay soil even an increase 
from SAR 2 to SAR 4 resulted in a significant increase in infiltration time (decrease in 
infiltration rate), while for loam soil the increase in infiltration time was significant at the 
SAR 6 level. For cropped soil the variance was higher and differences were statistically 
significant at SAR 6 when paired tests were made. However, the fitted regression model 
showed decreases in infiltration are predicted for both bare and cropped clay soil and for 
cropped loam soil as the SAR increased from 2 to 4. For bare loam soil the model was 
non linear and the decrease in infiltration rate starts above SAR 4. 

The decreased infiltration rate in the field cai1 be expected to result in increased surface 
runoff and thus decreased availability of water to the crop. In conditions where water is 
limiting, this may result in decreased crop yield. The lack of an adverse impact of 
irrigation water SAR on yield in the present experiments is likely the result of having 
confined containers, where the total water infiltrated must be constant for all treatments. 

The laboratory measurements of saturated hydraulic conductivity of undisturbed bare soil 
cores taken from the infiltration experiment also showed a trend of decreasing hydraulic 
conductivity with increa~ing SAR. The trend was statistically significant for the loam soil 
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but not the clay soil. The adverse impacts were statistically significant in bare loam soil 
when increasing from SAR 2 to SAR 6 for both rain and irrigation water. 

For cropped soil the changes in hydraulic conductivity as related to SAR were significant 
for loam soil under both irrigation and rain. The linear regression model predicts 
decreases in hydraulic conductivity as the SAR is increased from 2 to 4. The SAR trends 
were not significant for clay soil, due in part to increased variance. The ability to detect 
changes in SARis limited by the experimental uncertainties. 

Replicated disturbed soil cores under saturated conditions provide information 
comparable to more time consuming field infiltration studies. Adverse impacts of SAR 
on infiltration were statistically significant when increasing SAR from 2 to 6 for loam 
soils with both irrigation water and rain water and clay soils with rain water. 
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240.0 

20.0 
23.0 
33.0 
50.0 
83.0 
15.0 
20.0 
36.0 
50.0 
50.0 
29.0 
48.0 
60.0 
80.0 
50.0 
43.0 
70.0 
40.0 
60.0 
75.0 
13.0 
11.0 
20.0 
23.0 
24.0 

6.0 
8.0 

15.0 
17.0 
10.0 
15.0 
20.0 
23 .. 0 
7.0 

23.0 
17.0 
16.0 
30.0 
18.0 
24.0 
7.0 

12.0 
20.0 
30.0 
29.0 
7.0 
7.0 

20.0 
35.0 
43.0 
60.0 
95.0 

130.0 
110.0 
130.0 

60.0 
95.0 

160.0 
255.0 
275.0 

22.0 
33.0 
50.0 
78.0 
87.0 
37.0 
31.0 
21.0 
32.0 
90.0 
24.0 
37.0 
14.0 
81.0 
75.0 
43.0 
55.0 
29.0 
76.0 
24.0 
13.0 
13.0 

5.0 
25.0 
24.0 
9.0 
9.0 

11.0 
16.0 
20.0 
25.0 
30.0 

7. 0 
25.0 
28.0 
16.0 
30.0 
12.0 
24.0 
24.0 
10.0 
12.0 
20.0 
31.0 
31.0 
9.0 
9.0 

20.0 
30.0 
32.0 
75.0 

110.0 
61.0 

130.0 
160.0 

60.0 
75.0 

130.0 
160.0 
180.0 

56 



Obs 

1 
2 
3 
a 
5 

.6 
7 
8 

.9 
10 
11 
12 
13 
1.<.! 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
2.6 

27 
28 
29 
3.0 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
4·8 

49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

sampli.ng 
Period 

. la 
.1a 
.lil, 
1a 
-lll. 
la 
ie, 
ia 
la 
le, 

1a 
·la 
;La 
la 
la 
la 
la 
la 
la. 
la 
lb 
1b 
l.b 
lb 
1b 
lb 
lb 
lb 
lb 
lb 
1b 
lb 
lb 
l.b 
lb 
lb 
lb 
1b 
lb 
lb 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 
2a 

Expe;t;'ime:p:l:;al Data: 

Rain 
pass 

12 
12 
12 

,12 
12 
12 
12 
'12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

Soil type 

Loam 
Loam 
Loam 
Loam 
r.oam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Cla.y 
Clay 
clay 
Clay_ 
Clay 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
C:j.ay 
clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Loam 
Loam 
Loam 
Loam 
·Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
clay 

EC 

1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
l 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 

SAA 

2 

'. 4 
" 6 

8 
.10 

2 
4 
6 
8 

10 
2 
4 

6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

'.10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 

Ind~t:ration, time (3 X"eps) 
yi' y;i y3 

3.0 
1d;.'o 

•f. 0 
8· .• o 
n· 

15'.'.0 
t .. .o 
a:: .. o 
9'.'p 
6';o 

1s:.~o 
3,. 0 
2~.·. 0 
2 .• 0 
3 ... o 
3.,..0 
2'."0 
3'. 0 
:L:o 
:Lo 
2.0 
9.0 
7.0 
8.0 

1Q.O 
!La 
7' .. 'o 
5': 0 
5.0 
8.0 

115:0 
10.0 

5.0 
5. 0. 

10.0 
7,0 
?.a 
7,0 
e;.o 
5,0 
a.o 
5.0 
s.o 

10.0 
5.0 

10,0 
5·. o 
5.0 
5.0 
5.0 
5.0 

14.0 
14.0 
1!1. 0 

5 .. 0 
13.0 
1.9.· 0 
5.0 

11.0 
20.0 
10.0 

10' 
,4 io 

:L.::> 
15. 
'2 

1,0 
7 

1:o' 
io 

:7 
2 
3 
3 
8 
3 
7 

.. 2 

2 
;•.~-
7, 

.5 

10 
10 
7 
7 

10 
7 

10 
10 

B 
8 

'7 
5. 

10 
5 
7 
5 

10 
7 

10 
10 
io 

5 
lO 
10 

5 
5 
5 
5 
5 

27 
25 
12 
25 
1'0 

10 
10 
20 
10 

10.0 
10.0 

2.0 
7.0 

15,0 
7.0 
2 .. 0 

15.0 
7.0 

'15. 0 
2.0 
2.0 
3.0 
3.0 
3 .. 0 
2.0 
8.0 
2,0 
3.0 
3.0 
4.0 
8,0 
5.0 
8.0 

12.0 
7.0 
4.0 
7.0 
8.0 

10.0 
7.0 
7.0 
7.0 

10.0 
5.0 
7.0 
8.0 
7.0 
7.0 

10.0 
10.0 
10.0 
5.0 
5.0 

10.0 
5.0 
5.0 
5.0 
5.0 

10.0 
14.0 
10.0 
31.0 
14. 0 
14. 0 
10 .. 0 
14. 0 
10.0 
31. 0 
14. 0 

57 



Obs 

61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
10"5 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 

Sampling 
Period 

2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
2b 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3a 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 
3b 

Rain 
pass 

12 
12 
12 
12 
12 
12 
12 
12 
12 

. 12 

12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
J,2 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

Soil type 

Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 

EC 

1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
l 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 

SAR 

2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 

Infiltration time (3 reps) 
y1 y2 y3 

15.0 
25.0 
25.0 
25.0 
25.0 
15.0 
15.0 
17.0 
25.0 
17.0 

6.0 
15.0 
15.0 

6.0 
14.0 
2.0 

25.0 
15.0 
15.0 

6.0 
20.0 
20.0 
20.0 
20.0 
20.0 
15.0 
20.0 
20.0 
20.0 
20.0 
30.0 
30.0 
30.0 
20.0 
20.0 
10.0 
30.0 
50.0 
30.0 
30.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
20.0 
10.0 
20.0 
20.0 
20.0 

5.0 
95.0 
95.0 
90.0 

20 
17 
.25 
25 
25 
25 
25 
25 
25 
25 

2 
25 
17 
17 
25 
25 
14 
19 
14 
25 
20 
15 
20 
20 
20 
15 
20 
20 
20 
20 

5 
50 
30 
50 
50 
20 
20 
30 
50 
20 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

5 
20 

5 
85 
3.0 
10 
10 
95 
60 
95 

25.0 
25.0 
17.0 
25.0 
25.0 
20.0 
25,0 
17.0 
15.0 
25.0 

6.0 
17.0 
14.0 
25.0 
15.0 

2.0 
6.0 
2.0 

30.0 
4.0 

10.0 
20.0 
20.0 
20.0 
20.0 
30.0 
20.0 
20.0 
20.0 
20.0 
20.0 
30.0 
30.0 
50.0 
20.0 

5.0 
20.0 
20.0 
50.0 
20.0 
10.0 
10.0 
10.0 
10.0 
10.0 

6.0 
10.0 

6.0 
10.0 
20.0 
20.0 
85.0 
90.0 
45.0 
95.0 
5.0 

30.0 
10.0 
95.0 
95.0 

58 



obs 

121 
122 
123 
124 
12S 
126 
127 
128 
129 
13.0 
131 
132 
133 
13<!1 
13S 
136 
137 
138 
13.9 
140 
14:1. 
142 
143 
144 
14S 
146 
1'\.7 
148 
149 
1SO 
1S1 
1S2 
153 
15<!1 
15S 
156 
157 

' 158, 
159 
160 
161 
162 
16.3 
164 
165 
166 
167 
168 
11;9 
170 
171 
172 
173 
174 
17S 
176 
177 
178 
179 
180 

sampling 
Perioo 

4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
'ita 
'ita 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4a 
4b, 
4b 
4b 
4b 
4b 
4b 
4b 
4b 
4b, 
4b 
4b 
4b 
4b 
4b 
4b 
4b 
4b 
4b 
4b 
4b 
Sa 
Sa 
Sa 
Sa 
sa· 
sa 
Sa 
Sa 
sa 
Sa 
sa 
sa 
sa 
Sa 
Sa 
sa 
Sa 
sa 
Sa 
sa 

Rain 
pa,s.s: 

12 
12 
12 
12 
12 

.12 
12' 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
16 
16 
16 
16 
16. 
'16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

Soil type 

Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 

·Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
.Clay 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 

EC 

1 
1 
1 
1 
l 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 

2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 

Inf~ltration time (3 reps') 
y~ j''"' y2 y3 

13 '0 

1~ >6 
12.p 
1o:o 
6;p 
8.0 

1o;',o 
8.0 

11·;·o 
2:o 
4,0 
6:6 
4-:·o 
1,p 
6' .. 0 
4.0 
~.o 
6', 0 
6.0 

1S', 0 
16.0 
16.0 
17.0 
18:6 
12.0 
12.0 
17.0 
16 .. 0 
17 .. 0 
23.0 
27.0 
24 .• 0 
25.0 
95.0 
17.0 
24.0 
30.0 

. 30.0 
90 .. 0 
27 .• 0 
27.0 
2<!1.0 
32.0 
30.0 
27.0 
26.0 
24.0 
25,0 
32.0 
6S.O 
37.0 
43.0 
12.0 

1S4.0 
2.1 

11.0 
11.0 
43.0 
74.0 

1.4 : 
18 
18 
18 
~ 
14' 

:l~ 
1p. 
17 
1.7 
18 
3.9 
~0 

100 
11,0'. 

2_0. 
37 
9,0 

80 
23' 

31, 
29' 
25 
23 
24 
25 
29 
32 
74 

1S~ 
32 
79 

205 
65 

138 
149 
211 
139 

s.o 
6.0 
8.0 

15.0 
1S.O 

6.0 
6.0 

10.0 
6.0 

11.0 
2.0 
2.0 
1.0 
4.0 
4.0 
1.0 
'1, 0 
1.0 
4.0 
4.0 

14.0 
1S.O 
17.0 
18.0 
18.0 
12.0 
14.0 
17.0 
14.0 
17.0 
14.0 
28.0 
70.0 
4S.O 
90.0 
19.0 
38.0 
3S.O 

140.0 
80.0 
23.0 
24.0 
29.0 
26.0 
27.0 
26.0 
24.0 
27.0 
26.0 
26.0 
5.4 

16.0 
154.0 

65.0 
84.0 

138.0 
12S.O 
201.0 
211.0 
79.0 

59 



Obs 

161 
162 
163 
164 
165 
166 
167 
166 
169 
190 
191 
192 
193 
194 
195 
196 
197 
196 
199 
200 
201 
202 
203 
204 
205 
206 
207 
206 
209 
210 
211 
212 
213 
214 
215 
216 
217 
216 
219 
220 
221 
222 
223 
224 
225 
226 
227 
226 
229 
230 
231 
232 
233 
234 
235 
236 
237 
236 
239 
240 

Sampling 
Period 

5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
5b 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6a 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 
6b 

Rain 
pass 

16 
18 
16 
16 
18 
16 
18 
18 
18 
18 
16 
16 
16 
16 
16 
16 
16 
18 
16 
16 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 

Soil type 

Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
clay 
Clay 
Clay 
Clay 
Clay 
clay 
Clay 
Clay 
Loam 
Loam 
Loam 
Loam 
r.'oam 
Loam 
Loam 
Loam 
Loam 
Loam 
Clay 
Clay 
Clay 
Clay 
Clay 
Clay 
clay 
Clay 
Clay 
Clay 

EC 

1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
1 
1 
1 
.1 
1 
2 
2 
2 
2 
2 

SAR 

2 
4 
6 
6 

10 
2 
4 
6 
6 

10 
2 
4 
6 
6 

10 
2 
4 
6 
8 

10 
2 
4 
6 
6 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
8 

10 
2 
4 
6 
6 

10 
2 
4 
6 
8 

10 
2 
4 
6 
6 

10 
2 
4 
6 
8 

10 

Infiltration time (3 reps) 
y1 y2 y3 

5.0 
10.0 
10.0 
6.0 

10.0 
5.0 
5,0 
5.0 

15.0 
20.0 

125.0 
345.0 
345.0 
375.0 
315.0 
125.0 

5.0 
125.0 

10.0 
125.0 

27.0 
26.0 
25.0 
27.0 
24.0 
25.0 
14.0 
28.0 
25.0 
27.0 
80.0 

170.0 
70.0 

170.0 
140.0 

70.0 
70.0 
70.0 
95.0 

140,0 
10.0 

3.0 
20.0 
20.0 
30.0 
20.0 
15.0 
15.0 
10.0 
20.0 
3.0 
3.0 
3.0 
7.0 
3.0 
3.0 
7.0 
7.0 
3. 0 
3.0 

5 
12 
10 
10 

7 
7 

20 
15 
10 
16 

210 
315 

15 
375 
375 
265 
165 
315 
265 

5 
25 
14 
26 
27 
25 
21 
25 
25 
27 
27 
60 

140 
90 

220 
215 

95 
80 

140 
155 

70 
3 

20 
25 
20 
20 

3 
20 
20 
20 
20 

3 
3 
7 

20 
25 

7 
3 
7 

15 
7 

5.0 
5.0 
5.0 

10.0 
10.0 

5.0 
5.0 
5.0 

10.0 
30.0 

195.0 
10.0 

125.0 
375.0 
345.0 
70.0 

165.0 
195.0 
225.0 
375.0 
14.0 
24.0 
28.0 
25.0 
26.0 
25.0 
25.0 
29.0 
26.0 
28.0 
40.0 
60.0 

14o;o 
215.0 
150.0 

60.0 
80.0 
80.0 

220.0 
230.0 
10.0 
20.0 

9.0 
3.0 

10.0 
20.0 
20.0 
20.0 
20.0 
20.0 

7.0 
7.0 

10.0 
15.0 

3.0 
3.0 
3. 0 
3.0 

30.0 
7.0 
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( 

· Ap;pen.d.b:~B 
Undisturbed core bulk density, g cm 3 

Loam rep 1 rep 2 rep 3· ave Loam· rep 1 .rep 2 ,.rfi!p 3 ave 
2003 2004 

.-'.£: .•;·.£.··· 

gc SAR 
1 2 1.41 1.39 1.39 1.40" "1.33 ·1.34 1.37. 1.35 

.1 4 1.40 1.42 1.~8 1.4,0 1.33 ~.;33 1.31 p2 
,;:r 1 . 6 1.40 1.41 ·1.4n 1.41 1.34 1-~37 1.35 ,_,J.;.35 

1 8 1.42 1.40 1..44 1.42 1.37 . 1.31 1.38 · ... 1.35 
1 10 1.43 1.43 1.43 1.43 1.35 1•.34 1.36 1.35 

2 2 1.39 1.40 1.39 1.:;!9 1.38 1..37 1.33 1.36 
.2 4 1.40 1.38 1.~7 1.38 1.33 1.33 1.35 ,.J;34 
2 6 1.41 1.36 1.36 U~. 1.36 1·,34 1.39 J .. 36 

•;,. 2 .. 8 1.39 1.39 1.38 1,39 ~.ss 1.35 1.35 1.35 
"2 10 1.35 1.35 1.41 1.3·7 1.37 1.36 1.35 1.36 

.. pontrol 1.42 1.36 1.~.6 1.3~ 1.36 P5 1.37 ,,01,36 
"bi·· 

Clay rep 1 rep 2 rep 3 ave Clay rep 1 rep 2 rep 3 ave 
2003 2004 

EC SAR 
.1 2 1.23 1.18 1.18 1.20 1.25 .1.32 1.26 1.28 
1 4 1.26 1.22 1.26 1.25 1.24 1.17 1.32 1.24 
1 6 1.18 1.23 1.19 1.20 1..22 1.18 1.22 1.21 
1 8 1.17 1.17 1..18 1.17 1.27 1 .. 27 1.31 . 1.28 
1 10 1.20 1.17 1.19 1.19 1.25 1.18 1:24 .. ~ .. 

1:22 

2 2 1.30 1.24 1.32 1.29 
2 4 1.31 1.26 1.30 1.29 
2 6 1.29 1.30 1.3~ 1.30 
2 8 1.23 1,25 1.31 1.26 
2 10 1.31 1.32 1.30 1.31 

control 1.24 1.26 1.20 1.23 
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Appendix C 

Montana Undisturbed Core Data 

Hydraulic conductivity, em/day Hydraulic conductivity, em/day 

2003 rep 1 rep2 rep 3 ave 2004 rep 1 rep2 rep 3 ave 
SAR SAR 

EC 1 2 127.20 108.96 79.44 105.20 EC 1 2 23.28 66.48 10.80 33.52 
sand 4 133.68 70.32 114.48 106.16 sand 4 19.44 68.16 44.88 44.16 
lrrig 6 64.32 85.20 54.24 67.92 irrig 6 14.40 14.64 40.56 23.20 

8 45.60 63.12 51.36 53.36 8 17.28 26.88 7.92 17.36 
10 31.68 74,88 55.20 53.92 10 15.84 18.72 19.20 17.92 

EC 2 2 207.84 220.80 106.08 178.24 EC 2 2 16.32 66.48 65.04 49.28 
sand 4 124.32 178.56 165.36 156.08 sand 4 69.12 95.52 47.52 70.72 
irrlg 6 127.44 159.12 157.68 148.08 irrig 6 39.12 76.32 40.08 51.84 

8 83.52 121.68 199.68 134.96 8 46.56 48.00 57.84 50.80 
10 81.60 93.84 86.40 87.28 10 27.60 24.96 33.60 28.72 

EC 1 2 84.96 104.64 78.24 89.28 EC 1 2 15.60 37.92 6.48 20.00 
sand 4 126.00 61.68 89.28 92.32 sand 4 7.92 31.92 21.12 20.32 
Rain 6 66.48 59.04 41.76 55.76 Rain 6 7.44 5.52 15.12 9.36 

8 49.68 47.52 58,08 51.76 8 12.48 9.84 5.28 9.20 
10 28.32 61.68 46.56 45.52 10 4.56 7.92 25.20 12.56 

EC 2 2 154.08 174.00 75.60 134.56 EC2 2 11.52 51.84 32.64 32.00 
sand 4 84.72 123.12 115.44 107.76 sand 4 54.72 92.40 20.40 55.84 
Rain 6 81.12 76.08 99.60 85.60 Rain 6 16.80 46.08 25.68 29.52 

8 41.04 58.08 75.36 58.16 8 18.72 23.52 31.92 24.72 
10 30.24 41.28 39.12 36.88 10 12.24 16.32 18.96 15.84 

CONsand lrrig 122.88 124.56 140.16 129.20 CONsand lrrig 19.20 24.96 30.72 24.96 
CON clay lrrig 0.470 0.080 43.100 14.550 CON clay lrrig 1.20 0.89 0.00 0.70 

2003 2004 

EC 1 2 1.89 0.04 0.05 0.66 EC 1 2 13.49 2.06 1.78 5.78 
clay 4 1.27 5.73 1.40 2.60 clay 4 0.74 22.92 2.09 8.58 
lrrig 6 0.96 0.19 5.72 2.29 lrrig 6 6.29 6.26 3.17 5.24 

8 7.81 0,05 0.44 2.77 . 8 6.65 0.66 0.79 2.77 
10 1.68 3.25 0.05 1.66 10 7.22 2.45 1.67 3.85 

EC 2 2 1.67 12.25 5.61 6.58 EC2 2 
clay 4 0.22 0.74 9.94 3.63 clay 4 
lrrig 6 0.01 5.15 3.72 2.96 lrrig 6 

8 4.94 0.02 5.28 3.41 8 
10 1.27 1.53 1.18 1.33 10 

EC 1 2 0.78 0.00 0.03 0.27 EC 1 2 6.00 0.77 0.66 2.54 
clay 4 0.44 0.74 0.48 0.55 clay 4 1.37 9.10 1.06 3.84 
Rain 6 0.03 0.02 0.88 0.31 Rain 6 0.60 1.68 1.13 1.14 

8 0.63 0.04 0.07 0.24 8 1.99 0.53 0.50 1.01 
10 0.08 0.68 0.01 0.26 10 2.38 0.91 0.62 1.30 

EC 2 2 3.64 0.67 0.35 1.55 EC2 2 
clay 4 2.06 0.98 1.01 clay 4 
Rain 6 1.64 0.92 0.85 Rain 6 

8 3.71 0.02 0.55 1.43 8 
10 0.06 0.05 0.29 0.13 10 

CONsand Rain 81.36 103.44 129.12 104.64 CONsand Rain 13.68 15.36 19.66 16.24 
CONciay Rain 0.04 2.50 0.85 CONclay Rain 

(Values in llalfcs omitted from graphs but Included In stallstlcal analysts) 
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